etal deformities, seizures, 1, 9 and premature fusion of the cranial sutures. 4 Childhood HPP has variable expressivity and exhibits growth retardation, rachitic osteopathy, premature loss of deciduous teeth, and craniosynostosis.
4,11
Adult HPP is usually recognized during middle age, with patients having a prior history of rickets or early loss of teeth. Skeletal changes include short stature, numerous fractures, chronic pain, and loss of ambulation. 4, 17 Craniosynostosis is considered a feature of the infantile and childhood forms of HPP, and there are limited reports of craniosynostosis associated with HPP in the scientific literature. 13 In an attempt to discover a phenotype-genotype correlation in HPP, there is a previous report of biochemical comparison of cases of childhood HPP with and without craniosynostosis. The results of that study did not reveal biochemical or a distinct genetic pattern that differentiated the 2 groups. 4 Recent developments in enzyme replacement therapy (ERT) have allowed for improved treatment of children affected by HPP, thus making surgery for craniosynostosis a possibility. Late clinical sequelae such as increased intracranial pressure (ICP) resulting in papilledema can be addressed and avoided by surgically treating HPP patients who have craniosynostosis.
In this article, we describe our experience with the treatment of HPP and its associated craniosynostosis. We have treated 4 pediatric patients affected by HPP and craniosynostosis and present 2 representative cases diagnosed at Cincinnati Children's Hospital. All of these cases have been treated with ERT (Table 2) .
case series
We have treated 4 pediatric patients with HPP and its associated craniosynostosis at our institution. The average age at presentation to our craniofacial team is 38.2 months. Each patient was treated with ERT according to an ongoing, approved clinical trial with agent ENB-0040 (asfotase alfa, Alexion Pharmaceuticals; Table 2 ). One patient received the treatment preoperatively and 3 received it postoperatively. All 4 patients presented with altered neurological function and have undergone neurodiagnostic imaging to confirm the presence of craniosynostosis.
Our 2 representative cases are from the same Saudi Arabian family, both having infantile HPP associated with craniosynostosis. There is a history of consanguinity in this family with 4 male cousins affected by HPP.
case 1
The first patient was a 3-year-and-9-month-old boy who initially presented to the endocrinology service at the age of 2 years and 3 months. His medical history included HPP, craniosynostosis, restrictive lung disease, respiratory infections, failure to thrive, and multiple fractures. He was admitted to the hospital for management of acute exacerbation of a chronic respiratory illness. Consultation with our craniofacial team was requested to evaluate the clinical findings of dolichocephaly and ridging over the left coronal suture. The patient also presented with irritability, intermittent emesis and headaches, an asymmetrical cranial base, facial scoliosis, and bilateral papilledema. As part of a clinical trial, the patient was awaiting ERT with agent ENB-0040 (asfotase alfa).
Diagnostic radiographic imaging with 3D head CT revealed left coronal and sagittal craniosynostosis, calvarial thinning, dysplasia of the right frontal lobe, and venous anomalies including congenital absence of the right sigmoid sinus (Fig. 1) . As a result of these findings, a frontoorbital advancement with cranial vault reconstruction was performed to reduce suspected intracranial hypertension as well as to correct the anatomical deformity. Allograft material (Grafton DBM in Flex and Putty forms, BioHorizons IPH, Inc.) was used to augment bone formation. The patient tolerated the procedure well with no complications noted.
Three weeks after surgery the patient was started on the study drug asfotase alfa at a dosage of 1 mg/kg given intramuscularly 6 times a week. The dosage was adjusted based on the study protocol. One year after the surgery, the patient was well with resolution of his papilledema and symptoms attributed to increased ICP including headache, unexplained irritability, and vomiting. This patient showed improvement in his body bone mineralization, tooth eruption, increased weight gain, and overall health. The cranial vault remodeling procedure resulted in increased space in the basal cisterns and foramen magnum with less crowding at the craniovertebral junction ( Fig. 2) .
case 2
The 5-year-and-6-month-old sister of the previously presented male patient presented to our craniofacial team with concerns of head shape, headaches, nystagmus, chronic optic nerve edema, and decreased visual acuity. She was previously evaluated in Saudi Arabia, and concerns were raised regarding her genetic predisposition to HPP and the presence of a complex craniosynostosis. She was subsequently referred to our institution for HPP treatment with asfotase alfa. On presentation, the patient's head circumference was 47 cm (microcephalic for her age), with a significant bony prominence over the bregma with persistence of an open anterior fontanelle that was tense on palpation. 3D head CT scanning revealed abnormal calvarial morphology with marked scalloping of the inner table with absence of the extraaxial spaces, and complete obliteration of the sagittal and left coronal suture lines. These findings were concerning for chronically elevated ICP ( Fig. 3A and B) .
Given the chronic changes secondary to untreated HPP, healing of bone postoperatively was a concern. The patient underwent an open cranial vault reconstruction with identification of multiple areas of calcified dura. She underwent multiple barrel stave osteotomies for cranial vault expansion without any perioperative complications, such as CSF leaks, associated with the calcified dura. Seven months following surgery a 3D head CT scan demonstrated improved bone growth of the calvaria (Fig. 3C) . Although radiographically left coronal craniosynostosis was evident, clinically the patient did not exhibit asymmetrical orbital findings of unilateral coronal craniosynostosis, such as harlequin deformity. Therefore, barrel stave osteotomies were completed rather than modification of the frontoorbital complex. This management choice is debatable, and other craniofacial surgeons may opt to include a frontoorbital cranioplasty with the osteotomies, but this was the course chosen by our craniofacial team due to the complexity of the patient and high risk of CSF leak because of the calcified dura. The patient's head circumference increased to 49 cm, approaching the normal curve for her age. Symptoms associated with elevated intracranial pressure resolved, with improvement in her headaches, stabilization of chronic optic nerve edema, and improvement in visual acuity (Fig. 4) . 
discussion
The inheritance pattern for HPP in the perinatal and infantile forms is autosomal recessive, whereas milder forms may be autosomal dominant or recessive.
14 There are currently 218 identified mutations in the gene encoding TNSALP with missense mutations accounting for 78.7% of these mutations. The remaining are microdeletions/insertions (11.7%), splicing mutations (4.8%), nonsense mutations (2.7%), gross deletions (1.1%), and nucleotide substitution affecting the major transcription initiation site.
14 Traditional management of HPP has included symptomatic treatment of the phenotypic manifestations of the disease, including treating hypercalcemia with dietary restriction or calciuretics and orthopedic stabilization of fractures. More recently there have been breakthroughs in treatment of the underlying enzymatic deficiency present in HPP. Various groups have identified that TNSALP activity must be increased in the skeletal bones, and not just in the systemic circulation, to prevent or reverse the pathophysiology of HPP.
11 Failed attempts to treat HPP with infusions of alkaline phosphatases suggested that TNSALP must be within the skeletal matrix and acting on osteoblasts, chondrocytes, and matrix vesicles to mineralize cartilage and bone.
15
To treat life-threatening infantile HPP, attempts to transplant rederived mesenchymal stem cells to form TNSALP-replete osteoblasts appeared to benefit 2 female patients but did not provide a definitive cure.
2,16 Bone-targeted enzyme replacement with the new drug asfotase alfa has previously been effective in infants and young children with life-threatening or severely debilitating HPP. 15 Asfotase alfa is a recombinant human TNSALP that prevents the manifestations of HPP in TNSALP knockout mice. In a clinical trial of 11 infants and young children with life-threatening HPP, it is associated with improved skeletal radiographs and improved pulmonary and physical function.
The skull appearance in HPP is reported as hypomineralized, and in the severe prenatal form, results in a "caput membranaceum," or soft scalp. In the milder infantile form, widely diastatic sutures or multiple wormian bones are described. 8, 10 These features precede the obliteration of sutures and, if seen, should be considered functionally closed sutures. 4 The premature suture fusion in HPP may start with the sagittal or coronal sutures and progressively involve metopic and lambdoid sutures during childhood. If any of these occurs, intracranial hypertension can develop and the optic nerve should be monitored for development of papilledema. The lambdoid suture tends to close early in HPP, thus preventing normal growth of the posterior fossa and potentially causing herniation of the cerebellar tonsils with a resulting Chiari Type I malformation. 4 As seen in Case 1 (Fig. 2) , the Chiari Type I malformation can resolve following cranial vault remodeling and expansion, a phenomenon that is described in other forms of craniosynostosis.
3,12
In the setting of craniosynostosis, CSF outflow can be reduced with impaired CSF absorption secondary to venous sinus hypertension. With the skull unable to expand in craniosynostosis, intracranial hypertension occurs. 5 The goal of surgical treatment of HPP-related craniosynostosis is to substantially increase the intracranial volume, thereby decreasing ICP. As seen in our 2 case presentations, signs and symptoms associated with suspected elevated ICP (papilledema, headaches, and emesis) can be reversed with cranial volume augmentation.
Enzyme replacement therapy has improved patient outcomes for those children affected by HPP and has now made it possible to diagnose and surgically treat the secondary effects of the disease, such as craniosynostosis. In our case series, all 4 patients received enzyme treatment along with their surgical correction of craniosynostosis (Table 2) . In 1 child the enzyme treatment preceded surgery, and in the 3 other patients it followed cranial remodeling. The outcomes from these 2 approaches were similar, and the patients did not have surgical complications. Calvarial reconstitution was excellent in the postoperative period for all 4 patients. We are awaiting a longer followup period for the patient in Case 3 in order to adequately assess resolution of neurological symptoms. These results suggest that surgical correction of HPP-associated craniosynostosis is safe and effective in the setting of ERT. We have found that regardless of the timing of enzyme treatment, the bone in these children is abnormal and trabeculated at the time of surgery. Further study of this growing population of patients needs to be completed to delineate the ideal time to start ERT and which specific outcome variables are improved with ERT.
With the rarity of this disorder, there are no established recommendations in the scientific literature as to when to begin ERT in relation to surgery. The decision on when to initiate enzyme treatment may depend on the subtype of HPP. In the severe infantile form, ERT may allow for improved bone mineralization in the calvaria and systemically, thereby allowing the infant to tolerate a later cranial vault remodeling procedure. This is particularly important with the hypomineralization associated with the ribs and thoracic wall and its relation to ventilation. The patients with the infantile form of HPP traditionally would either not survive to surgical intervention, given ventilation concerns, or would be at elevated risk with positioning and manipulation during surgery. These patients should begin ERT early in order for the child to maximally benefit from the results of the therapy. Our patient with infantile HPP (Case 3 in Table 2 ) received ERT 6 months prior to surgery and continued it throughout the postoperative course.
In the milder childhood subtype, HPP patients may present with neurological signs or symptoms of elevated ICP, and, as a result, surgical intervention is required to augment intracranial volume and prevent additional neurological comorbidities. We then recommend starting ERT 2-3 weeks postoperatively to allow for incision healing prior to bone marrow suppression associated with the enzyme treatment protocol. Two patients in our case series who received enzyme treatment following surgery had improved bone development in the remodeling cranium, aiding the surgical correction (Fig. 2) .
To avoid HPP-related complications associated with dural ossifications, CSF leaks, and impaired calvarial bone formation, which can significantly complicate the operations, surgical planning for HPP-related craniosynostosis requires the coordinated efforts of a craniofacial team of neurosurgeons and plastic surgeons. 4 As evidenced by our case series, intracranial volume expansion in HPP can decrease the signs and symptoms associated with increased ICP and substantially decrease functional risks to the optic nerves by resolving papilledema and to the craniovertebral junction by reducing Chiari Type I malformation. We currently recommend that children undergoing surgery for HPP-related craniosynostosis continue to be monitored throughout childhood and adolescence for the development of Chiari I malformation, syringomyelia, and papilledema.
conclusions
With advances in the medical therapy of HPP, patients with infantile and childhood forms of this disease have an improved prognosis. Surgical intervention for treating HPP-related craniosynostosis is crucial to the neurological development of these children by reducing the risk of elevated ICP. With improvements in ERTs, there may be additional children with HPP who become candidates for surgical repair of craniosynostosis. Our case series indicates that these patients may be effectively treated by a craniofacial team familiar with a variety of strategies to reduce the postoperative complications associated with HPP. As more children are successfully treated for HPPrelated craniosynostosis, there is potential for possible prospective trials to further refine treatment strategies and identify the best timing for use of ERT.
references

